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ABSTRACT 


This  study  followed  a  continuing  program  of  research  carried 
out  at  the  Structural  Laboratory  of  the  University  of  Alberta  by 
Dr.  J.  Warwaruk  (*).  The  results  of  the  entire  program  will  be  presen¬ 
ted  as  a  report  at  a  later  date. 

This  phase  of  the  investigation  was  designed  to  achieve  a 
better  understanding  of  the  behavior  of  prestressed  rectangular  con¬ 
crete  beams  subjected  to  bending,  torsion,  and  shear. 

Twenty-two  beams  having  a  nominal  cross  section  of  6  x  12  in. 
and  containing  mild  steel  web  reinforcement  were  tested.  Fourteen 
beams  were  concentrical ly  prestressed,  and  eight  were  prestressed  ec¬ 
centrically. 

The  testing  equipment  used  for  this  investigation  allowed 
independent  application  of  the  twisting  moment  and  transverse  loads. 
This  permitted  the  specimens  to  be  tested  in  varying  ratios  of  twisting 
moment  to  bending  moment.  All  beams  were  tested  to  failure  by  ap¬ 
plying  load  in  a  series  of  predetermined  increments. 

The  test  results  are  presented  in  the  form  of  tables,  graphs, 
and  interaction  diagrams. 

(*)  .  Dr.  J.  Warwaruk 
Professor 

Department  of  Civil  Engineering 
University  of  Alberta 
Edmonton,  Alberta 
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CHAPTER  I 


INTRODUCTION 

1-1  INTRODUCTORY  REMARKS 

Until  the  last  decade  the  problem  of  torsion  and  its  effect  on 
the  behavior  of  prestressed  concrete  members  was  largely  ignored.  This 
oversight  stemmed  partly  from  the  infrequency  of  torsional ly  loaded 
members  in  the  structures  of  the  day.  In  more  recent  practise  the  trend 
has  been  toward  less  conventional  and  more  graceful  architectural  forms 
in  which  the  effect  of  torsion  often  is  a  primary  factor  governing  the 
design.  Hence  an  obvious  need  existed  for  furthering  the  state  of  know¬ 
ledge  with  regard  to  torsion  and  its  effect  on  prestressed  members.  It 
was  to  satisfy  this  need  that  the  research  program  on  torsion  which  is 
still  being  continued  today  was  initiated. 

Presently,  studies  have  already  been  completed  dealing  with 
the  interaction  of  torsion  and  shear  in  prestressed  members.  As  well, 
research  is  continuing  in  the  field  of  combined  loadings  of  bending, 
torsion,  and  shear.  This  loading  case  is  commonly  found  in  most  struc¬ 
tures.  The  aim  of  this  particular  investigation  is  to  attempt  to  sup¬ 
plement  the  data  which  has  already  been  obtained  in  both  of  these 
fields,  namely  the  interaction  of  torsion  and  bending  as  well  as  the 
interaction  of  torsion,  bending,  and  shear. 
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1-2  OBJECT 

The  main  objective  of  this  investigation  was  to  study  the  be¬ 
havior  of  prestressed  rectangular  concrete  beams  subjected  to  a  combined 
loading  of  torsion  and  bending  as  well  as  torsion,  bending,  and  shear. 
Included  in  the  study  were  variables  such  as  the  type  and  level  of  pre¬ 
stress,  spacing  of  transverse  reinforcement,  presence  of  shear,  and  the 
proportion  of  twisting  moment  relative  to  bending  moment. 

As  nearly  as  possible  it  was  attempted  to  stress  all  the  pre¬ 
stressing  strands  to  the  same  level  of  prestress.  In  order  to  enable 
the  calculation  of  the  effective  prestress  force  at  the  time  of  testing 
to  be  performed,  the  elastic  shortening  of  the  concrete  upon  release,  as 
well  as  the  time  dependent  strains,  were  measured. 

During  the  testing  of  each  specimen  the  behavior  of  the  non- 
pres tressed  transverse  reinforcement  was  monitored  by  means  of  electrical 
resistance  strain  gauges  located  at  suitable  intervals  in  the  gauge  length. 

All  the  beams  reported  on  were  fabricated  and  tested  according 
to  the  procedures  outlined  in  Chapter  III.  The  results  of  the  tests 
are  summarized  in  tables,  graphs,  and  discussions. 

1-3  SCOPE 

The  test  specimens  in  this  investigation  were  divided  into 
four  groups.  The  first  group  consisted  of  Beams  301-307,  the  second, 
321-327,  the  third,  V301-V307,  and  the  fourth  group  consisted  of  Beams 
V302P  and  V322P.  All  beams  had  a  nominal  cross  section  of  6x12  inches 
and  an  overall  length  of  lO'-l",  and  were  all  prestressed  using  high 
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strength  steel  strand.  The  physical  properties  of  all  the  specimens  are 
presented  in  Table  3.1. 

A  description  of  the  testing  equipment  used  is  given  in  Chapter  III. 
This  equipment  allowed  independent  application  of  the  twisting  moment 
and  the  transverse  load  so  that  the  beams  could  be  tested  in  pure  tor¬ 
sion  or  bending,  or  in  varying  ratios  of  torsion  to  bending  as  well  as 
torsion,  bending,  and  shear. 

The  results  of  the  tests  are  summarized  in  Tables  4.1  and  4.2. 

In  addition,  Moment-Deflection  curves,  Torque-Twist  curves,  Dimensional 
and  Non-Dimensional  Interaction  Diagrams,  and  other  tables  and  discus¬ 
sions  are  also  presented. 


CHAPTER  II 


REVIEW  OF  PREVIOUS  RESEARCH 


2-1  INTRODUCTION 

Within  the  last  ten  years  a  considerable  amount  of  research 
has  been  performed  in  the  field  of  torsion  applied  to  prestressed 
concrete  beams.  The  initial  stages  of  these  investigations  involved 
only  the  effect  of  pure  torsion,  whereas  recently  the  research  effort 
has  been  shifted  to  encompass  combined  loadings  of  torsion,  shear,  and 
bending.  The  latter  loading  condition  is  more  realistic  in  that  it 
corresponds  closely  to  the  loadings  which  building  members  are  subjec¬ 
ted  to. 

A  fairly  extensive  review  of  research  performed  in  these  areas 
has  been  presented  by  Stark  (1).  The  review  covered  in  this  chapter  is 
hence  intended  to  be  only  of  a  supplementary  nature,  and  includes 
literature  published  in  the  intervening  period. 

2-2  PREVIOUS  RESEARCH 

2-2.1  BISHARA 

Bishara  (2)  tested  twenty-four  pretensioned  prestressed  concrete 
beams.  These  tests  were  intended  to  study  experimentally  the  behavior, 
ultimate  capacity,  and  rupture  criteria  of  beams  with  web  reinforcement 
subject  to  combined  loadings  of  bending,  torsion,  and  shear.  He  stated 


4 


r  > ' 


5 


that  the  simultaneous  action  of  torque,  moment,  and  shear  reduced  the 
capacities  of  the  members  below  their  corresponding  capacities  under 
the  action  of  moment  and  shear  only.  It  was  observed  that  for  a  con¬ 
stant  moment  to  shear  ratio  the  reduction  percentage  was  closely  re¬ 
lated  to  the  moment  to  torque  ratio.  The  lower  the  ratio  of  moment  to 
torque  the  higher  was  the  reduction  percentage. 

Bishara  also  found  that  for  relatively  low  values  of  moment 
to  torque  ratios,  the  torque  capacity  of  a  member  increased  with  an 
increase  in  this  ratio.  After  the  maximum  torque  capacity  was  reached 
any  increase  in  the  moment  to  torque  ratio  resulted  in  a  subsequent 
decrease  in  the  torsional  capacity.  In  addition,  he  concluded  that 
the  torsional  strength  of  prestressed  members  could  be  increased  beyond 
their  pure  torsional  strength  by  the  simultaneous  action  of  bending 
and  shear.  This  increase  in  strength  for  a  rectangular  beam  in  some 
cases  was  as  much  as  40%. 

In  the  elastic  range  it  was  found  that  the  torsional  stiffness 
constant  of  the  flanged  members  tested  could  be  evaluated  satisfacto¬ 
rily  by  the  use  of  St.  Venantls  elastic  torsion  theory.  For  the  rect¬ 
angular  members  tested  these  measured  torsional  stiffness  constants 
were  usually  lower  than  the  theoretical  values.  Once  cracking  occurred, 
however,  the  St.  Venant  elastic  torsion  theory  was  no  longer  applic¬ 
able,  and  neither  the  cracking  load  nor  the  ultimate  capacity  of  the 
members  could  be  satisfactorily  predicted  by  this  method. 

2-2.2  MUKHERJEE  AND  WARWARUK 


Mukherjee  and  Warwaruk  (3)  reported  on  the  behavior  of  web 
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reinforced  prestressed  beams  under  combined  loading.  In  all  a  total 
of  fifty-two  beams  were  tested  of  which  twenty-eight  were  subjected 
to  bending  and  torsion  only,  and  the  remaining  twenty-four  were  tested 
under  combinations  of  bending,  torsion,  and  shear.  Their  findings 
closely  agreed  with  those  of  Bishara  mentioned  in  2-2.1.  Mukherjee 
and  Warwaruk  in  addition  stated  that  an  increase  in  prestress  caused 
corresponding  increases  in  cracking  and  ultimate  torques  of  prestres¬ 
sed  beams,  whereas  the  ultimate  twist  of  such  beams  was  decreased.  The 
non-prestressed  reinforcement  provided  in  both  directions  prevented  a 
brittle  type  failure  and  improved  the  ductility  of  the  beams.  Another 
conclusion  made  was  that  the  cracking  torque  of  the  members  was  little 
affected  by  the  non-prestressed  reinforcement,  but  the  ultimate  strength 
in  torsion  was  definitely  increased  by  the  addition  of  longitudinal  and 
transverse  reinforcement.  For  a  loading  combination  of  bending  and 
torsion  only,  the  transverse  reinforcement  generally  yielded  at  failure 
with  the  exception  of  beams  tested  under  small  torque  to  bending  moment 
ratios . 

They  also  concluded  that  the  beams  tested  basically  failed  in 
three  different  modes.  Under  combined  loading,  failure  occurred  either 
by  crushing  of  the  concrete  on  top  of  the  member,  or  along  an  indirect 
plane  on  the  vertical  faces.  A  third  mode  of  failure,  characterized 
by  a  compression  zone  at  the  bottom,  could  become  critical  for  eccen¬ 
trically  prestressed  beams  which  were  subjected  to  relatively  large 
ratios  of  torque  to  bending  moment. 

For  any  combination  of  torque  to  bending,  the  torsional 
strength  of  the  beams  was  found  to  be  reduced  by  the  presence  of  shear. 
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2-2.3  ZIA  AND  GANGARAO 

Zia  and  GangaRao  (4)  tested  twenty-eight  concentrically  pre¬ 
stressed  beams  and  fourteen  eccentrically  prestressed  beams,  all  sub¬ 
jected  to  various  combinations  of  bending  and  torsion.  They  found  that 
the  behavior  of  beams  prior  to  cracking  of  the  concrete  was  unaffected 
by  the  reinforcement  provided.  After  cracking,  the  behavior  depended 
primarily  on  the  amount  of  reinforcement  and  on  the  ratio  of  bending  to 
torque.  As  the  ratio  of  bending  to  torque  was  increased,  the  difference 
between  the  cracking  and  ultimate  capacities  of  specimens  increased, 
and  the  rotation  and  deflection  of  the  specimens  also  became  greater  at 
the  ultimate  load.  With  regard  to  the  amount  of  transverse  reinforce¬ 
ment  provided,  the  authors  found  that  a  reduction  in  the  stirrup 
spacing  improved  both  the  ductility  and  the  ultimate  strength  of  the 
beams.  Other  factors  which  led  to  improved  ductility  was  eccentric 
prestressing  and  the  provision  of  longitudinal  mild  steel. 

Zia  and  GangaRao  also  concluded  that  the  cracking  torque  of  a 
specimen  was  significantly  increased  by  increases  in  the  level  of  pre¬ 
stress.  Furthermore,  increasing  the  level  of  prestress  led  to  an 
increase  in  the  stiffness  of  a  specimen  prior  to  cracking.  With  the 
same  amount  of  prestressing  force  the  cracking  moment  capacity  of 
eccentrically  prestressed  specimens  was  reduced  slightly  as  compared 
to  concentrically  prestressed  members. 

Increasing  the  bending  to  torque  ratios  was  found  to  increase 
the  ultimate  torsional  capacity  of  the  specimens  under  combined  loads. 
These  increases  ranged  from  twenty  to  fifty  percent  of  the  pure  tor- 


. 


sional  capacity  of  the  specimens. 


8 


■ 


CHAPTER  III 


TEST  SPECIMENS,  FABRICATION,  EQUIPMENT,  INSTRUMENTATION,  AND  PROCEDURE 
3-1  TEST  SPECIMENS 

In  this  study  twenty- two  beams  were  tested.  With  the  exception  of 
two,  the  beams  were  all  provided  with  transverse  reinforcement  in  the  form 
of  vertical  stirrups.  Two  beams  contained  no  nonprestressed  reinforcement. 
The  total  series  of  beams  was  divided  into  four  groups  as  outlined  in 
Table  3.1.  Groups  I  and  II,  consisting  of  Beams  301  to  307  and  321  to  327, 
were  tested  in  combined  bending  and  torsion.  From  each  group  one  beam 
was  subjected  to  bending  only,  and  one  to  torsion  only.  Groups  III  and  IV 
were  tested  in  combined  bending,  torsion,  and  shear.  One  beam  from  Group 
III  was  tested  in  shear  and  bending  only.  All  beams  had  a  nominal  cross 
section  of  6  x  12  inches,  and  their  overall  length  was  10'  -  1". 

3-1.1  CONCRETE 

The  mix  design  used  in  the  fabrication  of  each  specimen  in  this 
study  was  of  the  following  proportions: 


(1)  CEMENT  (TYPE  III) 

(2)  SAND 

(3)  COARSE  AGGREGATE 


310  Lbs. 


500  Lbs. 


150  Lbs. 


The  amount  of  water  used  averaged  85  lbs.  per  batch.  This  mix 
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yielded  seven  cubic  feet  of  concrete  with  an  approximate  slump  of  3  inches. 
3-1.2  SAND 

A  sieve  analysis  of  the  sand  used  is  given  in  Table  3.2.  The 
average  moisture  content  of  the  sand  was  4%. 

3-1.3  COARSE  AGGREGATE 

The  coarse  aggregate  used  was  3/4"  maximum  size  crushed  rock  with 
an  average  moisture  content  of  1.7%.  The  sieve  analysis  for  this  aggregate 
is  presented  in  Table  3.3. 

3-1.4  REINFORCEMENT 

The  transverse  rei nforcement  used  in  the  test  specimens  is 
described  in  Table  3.1.  The  #3  deformed  bars  were  from  two  different 
heats  designated  Type  A  and  Type  B.  The  #2  plain  bars  were  from  one  heat 
only,  designated  as  Type  F.  Representative  samples  of  Type  A,  Type  B, 
and  Type  F  bars  were  subjected  to  tension  tests  in  order  to  obtain  the 
stress-strain  curves  shown  in  Figure  3.8.  The  arrangement  of  the  non- 
prestressed  reinforcement  is  illustrated  in  Figures  3.1,  3.2,  and  3.3. 
Larger  amounts  of  transverse  reinforcement  was  provided  in  the  areas 
outside  the  gauge  length  in  order  to  ensure  that  failure  would  not  occur 
in  this  region. 

3-1.5  PRESTRESSING  STEEL 

The  cable  used  for  prestressing  the  test  specimens  was  3/8"  and 
1/2"  diameter  -  7  wire  strand  with  a  guaranteed  minimum  yield  strength  of 
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TABLE  3.1  PROPERTIES  OF  TEST  SPECIMENS 


' 

SIEVE 

SIZE 

WEIGHT 
RETAINED 
(gms . ) 

% 

RETAINED 

CUMULATIVE 
%  RETAINED 

A.S.T.M. 

STANDARD 

#  4 

17.5 

3.0 

3.0 

0-5 

#  8 

85.2 

14.7 

17.7 

#  16 

54.6 

9.5 

27.2 

20  -  55 

#  30 

60.0 

10.3 

37.5 

#  50 

208.4 

35.8 

73.3 

70  -  90 

#100 

122.9 

21.1 

94.4 

90  -  98 

PAN 

17.8 

3.1 

- 

SILT 

14.4 

2.5 

- 

TOTAL 

580.8 

100.0 

253.1 

FINENESS 

MODULUS  2.53 

TABLE  3.2  SIEVE  ANALYSIS  OF  SAND 


SIEVE 

SIZE 

WEIGHT 

RETAINED 

(lbs.) 

%  RETAINED 

CUMULATIVE 
%  RETAINED 

3/4" 

0.30 

1.1 

1.1 

3/8" 

15.63 

58.4 

59.5 

#  4 

10.03 

37.5 

97.0 

PAN 

0.80 

3.0 

100.0 

TOTAL 

26.76 

100.0 

TABLE  3.3  SIEVE  ANALYSIS  OF  COARSE  AGGREGATE 
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250  Ksi.  A  representative  sample  of  each  size  was  subjected  to  tension 
tests  in  order  to  obtain  the  stress-strain  curves  shown  in  Figure  3.7. 

3-2  FABRICATION 

As  the  first  step  in  the  fabrication  of  the  beams,  the  prestressing 
cables  were  cut  and  pulled  into  place  between  two  concrete  bulkheads. 

These  bulkheads  were  fastened  to  the  laboratory  floor  by  eight  high- 
strength  bolts.  At  the  north  bulkhead  load  cells  and  wedge-grip  end  an¬ 
chorages  were  installed.  This  arrangement  is  illustrated  in  Figure  3.5. 
The  south  bulkhead,  shown  in  Figure  3.6,  served  as  the  point  of  force 
application,  and  again  wedge-grip  end  anchorages  were  used  to  lock  the 
prestressing  cables  in  place. 

Once  the  system  was  properly  aligned,  each  cable  was  stressed 
individually  using  a  Simplex  center-hole  hydraulic  jack  operated  by  an 
electric  pump.  Although  it  was  attempted  to  stress  each  cable  to  the 
same  level  of  prestress,  small  variations  in  end  anchorage  losses  made 
this  virtually  impossible. 

The  transverse  reinforcement  was  then  placed  by  wiring  the  ties 
to  the  prestressing  cables  at  the  desired  locations.  In  the  areas  outside 
the  gauge  length  additional  reinforcement  in  the  form  of  longitudinal 
and  inclined  bars  was  also  provided.  At  strain  gauge  locations  the  #2 
plain  bars  were  ground  smooth,  and  type  A-7  SR-4  electrical  resistance 
strain  gauges  were  attached.  These  strain  gauges  were  then  waterproofed 
with  three  applications  of  GW-2  waterproofing  compound  and  wrapped  with 
electrical  tape  to  ensure  their  safety  during  casting. 

The  steel  forms  were  then  cleaned  and  oiled,  and  placed  in 
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position  between  the  concrete  bulkheads.  As  the  final  step  prior  to 
casting  the  forms  were  bolted  securely  into  place. 

The  actual  mixing  of  the  concrete  was  performed  in  the  labora¬ 
tory  using  a  nine  cubic  foot  capacity  mixer.  Each  batch  of  concrete 
contained  the  exact  amount  of  materials  by  weight  as  mentioned  in  section 
3-1.1,  with  one  batch  being  sufficient  for  each  beam  including  its  con¬ 
trol  cylinders.  The  concrete  was  thoroughly  mixed  and  the  water  content 
proportionately  adjusted  until  a  3  inch  slump  was  obtained.  The  concrete 
was  then  deposited  in  the  forms  with  the  aid  of  an  internal  vibrator 
which  was  used  for  compaction  purposes. 

With  each  specimen  five  six  by  twelve  inch  control  cylinders 
were  also  cast  which  were  cured  and  stored  under  identical  conditions  to 
the  beams.  Of  these,  three  cylinders  were  tested  in  compression  and  the 
remaining  two  in  tension.  Before  performing  the  compression  tests,  each 
cylinder  was  capped  with  a  compound  of  sulphur  and  fire  clay.  These 
tests  were  all  performed  on  the  same  day  as  the  corresponding  beam  test. 

The  day  following  casting,  the  steel  forms  were  removed  and  the 
beams  and  test  cylinders  covered  with  moist  burlap  and  plastic  for  an 
additional  six  days.  At  this  time  the  plastic  and  burlap  was  removed 
and  final  readings  were  taken  on  each  load  cell.  This  was  done  in  order 
to  determine  the  force  exerted  by  each  prestressing  cable. 

Mechanical  gauge  points  were  positioned  on  both  vertical  faces 
of  the  beams,  and  initial  readings  were  taken  using  an  8  inch  DEMEC 
deformation  gauge.  The  location  of  the  gauge  points  are  shown  on  Figure  3.4. 

Prior  to  cutting  the  cables,  heat  from  a  cutting  torch  was 
applied  uniformly  over  a  length  of  about  two  feet,  thus  allowing  a  gradual 


. 
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' 
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transfer  of  stress  from  the  cables  to  the  concrete.  Once  the  prestress 
was  released  a  second  set  of  readings  was  taken  on  all  the  gauge  points, 
enabling  the  instantaneous  elastic  shortening  of  the  concrete  to  be  cal¬ 
culated.  The  beams  and  control  cylinders  were  then  set  aside  for  addi¬ 
tional  air  curing  until  the  day  of  testing.  Moist  curing  was  not  deemed 
necessary  in  this  period  since  high-early  strength  cement  was  used. 

3-3  TEST  EQUIPMENT 

The  arrangement  of  the  equipment  used  for  testing  the  beams  is 
illustrated  in  Figure  3.9  and  Figure  3.10.  Two  load  application  systems 
were  used  such  that  the  torsional  and  the  bending  moment  could  be  applied 
to  the  beams  independently.  The  transverse  load  was  supplied  by  a  100- 
Kip  Amsler  jack,  this  load  being  transmitted  to  a  distributing  beam  sup¬ 
ported  by  rollers  at  each  end.  Two  such  rollers  rested  on  a  roller 
assembly  which  in  turn  rested  on  a  steel  collar  fastened  to  the  specimen 
being  tested.  This  system  allowed  the  specimen  to  twist  freely,  per¬ 
mitting  the  torsional  moment  to  be  distributed  evenly  along  the  member. 

The  east  end  of  each  member  was  supported  by  the  twisting  head 
through  which  the  torsional  moment  was  applied.  An  illustration  of  the 
twisting  head  is  given  in  Figure  3.11.  This  apparatus  permitted  the 
specimen  to  rotate  about  its  longitudinal  axis  as  well  as  about  both  a 
horizontal  and  a  vertical  axis  perpendicular  to  the  longitudinal  axis  of 
the  beam. 

The  forces  in  the  cables  which  applied  the  torsional  moment  to 
the  twisting  head  were  produced  by  the  system  shown  in  Figure  3.12. 
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These  forces  were  controlled  by  means  of  a  hand  operated  hydraulic  jack 
and  were  measured  using  load  cells  and  a  Baldwin  Lima  Hamilton  strain 
indicator. 

At  the  west  end  the  specimen  was  supported  by  the  fixed  head 

/ 

as  illustrated  in  Figure  3.13.  The  fixed  head  permitted  translation  of 
the  specimen  in  a  direction  parallel  to  its  longitudinal  axis  as  well  as 
rotation  about  a  horizontal  axis  perpendicular  to  the  longitudinal  axis 
of  the  beam. 

3-4  INSTRUMENTATION 

3-4.1  ANGLE  OF  TWIST 

The  angle  of  twist  through  which  a  member  rotated  when  subjected 
to  torsional  moment  was  measured  by  two  twistmeters.  The  location  of 
these  is  shown  in  Figures  3. 1,3. 2,  and  3.3.  Each  twistmeter  consisted 
of  an  elbow-type  aluminum  bracket,  pin  jointed  at  one  end  and  supported 
at  the  other  by  a  micrometer  screw.  On  top  of  the  1"  x  1-1/2"  bracket 
a  spirit  level  was  mounted  thus  enabling  any  rotation  of  the  beam  to  be 
detected  by  observing  the  displacement  of  the  bubble.  This  assembly  was 
attached  to  the  top  face  of  the  beam  by  means  of  a  clamping  bracket. 

The  angle  of  twist  through  which  each  twistmeter  rotated  was  then  di¬ 
rectly  proportional  to  the  difference  in  micrometer  readings  between 
successive  load  increments.  Knowing  the  distance  between  the  two  twist- 
meters,  the  rotation  of  the  beam  in  radians  per  unit  of  length  could  be 
computed. 
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3-4.2  DEFLECTIONS 

The  deflection  of  the  beams  were  obtained  at  the  locations  shown 
in  Figures  3.1,  3.2,  and  3.3.  At  each  of  these  locations  U-shaped  steel 
brackets  were  clamped  to  the  beam  from  which  two  freely  hanging  scales 
were  suspended  on  both  vertical  faces  of  the  beam.  The  vertical  movement 
of  each  scale  was  observed  using  precise  levels,  one  on  each  side  of  the 
beam.  The  deflections  were  measured  to  the  nearest  hundredth  of  an  inch, 
with  the  average  of  the  two  readings  indicating  the  deflection  of  the 
beam. 


3-4.3  REINFORCEMENT  STRAINS 

The  reinforcement  strains  were  measured  using  a  Budd  Type:  P-350 
strain  indicator  coupled  to  a  switching  and  balancing  box.  The  strain 
gauges  were  hooked  up  to  the  switching  and  balancing  box  together  with 
a  compensating  gauge  of  the  same  gauge  factor.  This  compensating  gauge, 
mounted  on  a  piece  of  steel,  was  waterproofed  and  buried  in  a  concrete 
cylinder  in  order  to  simulate  the  conditions  of  the  actual  measuring 
gauges . 

3-5  TESTING  PROCEDURE 

Immediately  before  placing  the  test  specimen  in  the  testing 
apparatus  final  readings  were  taken  on  the  mechanical  gauge  points.  This 
permitted  the  calculation  of  the  loss  in  prestress  force  due  to  the  time 
dependent  strains  which  had  occurred  from  the  time  of  release  of  pre¬ 
stress  up  to  the  time  of  testing. 


- 
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The  specimen  was  then  placed  in  position  and  tested  to  failure 
through  the  application  of  a  series  of  predetermined  load  increments. 

The  increments  in  the  torsional  moment  and  the  transverse  load  were  ap¬ 
plied  simultaneously  in  magnitudes  dependent  upon  the  ratio  of  torsional 
moment  to  bending  moment.  Whenever  possible  these  increments  were 
reduced  near  the  ultimate  capacity  of  the  specimen  enabling  more  data  to 
be  collected  in  this  range.  For  each  load  increment  all  the  instrumen¬ 
tation  was  read  and  the  crack  pattern  marked.  Ultimately  the  specimen 
was  tested  to  failure,  and  observations  on  the  failure  mechanism  were 
made.  It  should  be  noted  here  that  at  no  time  did  a  specimen  fail  out¬ 
side  the  gauge  length. 
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FIGURE  3.2  TYPICAL  SPECIMEN  (GROUP  III  BEAMS) 
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FIGURE  3.3  TYPICAL  SPECIMEN  (GROUP  IV  BEAMS) 
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MECHANICAL 
GAUGE  PT. 
(TYPICAL) 


6" 

1  6" 

BEAMS  301-307 

BEAMS  321-327 

&  V301-V307 


@  1/2"  DIA.  STRAND 
O  3/8"  DIA.  STRAND 


(a)  Cross  Sections 


(b)  Side  View  Showing  Mechanical  Gauge  Points 


FIGURE  3.4  BEAM  SECTIONS 


FIGURE  3.5  NORTH  BULKHEAD 


FIGURE  3.6  SOUTH  BULKHEAD 
(JACKING  SYSTEM) 


STRESS  (KSI ) 
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FIGURE  3.7  STRESS  -  STRAIN  CURVES  FOR  PRESTRESSING  STRAND 
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FIG.  3.9  EQUIPMENT  ARRANGEMENT  FOR  COMBINED  BENDING  AND  TORSION. 
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FIG. 3.io  EQUIPMENT  ARRANGEMENT  FOR  COMBINED  BENDING,  TORSION  AND  SHEAR 
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FIGURE  3,11 


TWISTING  HEAD 
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FIGURE  3.12 


TORSIONAL  LOADING  SYSTEM 
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FIGURE  3.13 


FIXED  HEAD 


CHAPTER  IV 


PRESENTATION  OF  TEST  RESULTS 


4-1  INTRODUCTION 

This  chapter  presents  the  principal  test  results  and  the  manner 
in  which  these  were  obtained.  More  detailed  results  such  as  the  readings 
taken  at  the  end  of  each  load  increment,  torque-twist  curves,  and  moment- 
deflection  curves  are  presented  in  Appendix  A.  Interaction  diagrams 
and  plots  of  torsion  to  bending  ratios  versus  the  angle  of  twist  are 
presented  in  Chapter  V.  In  addition  Chapter  V  also  includes  illustra¬ 
tions  of  the  crack  patterns  for  all  the  beams  tested. 

4-2  PRINCIPAL  TEST  RESULTS 

The  principal  test  results,  which  include  the  maximum  moments 
and  forces  sustained  by  the  members,  are  presented  in  Tables  4-1,  and  4-2. 
The  value  listed  as  the  maximum  angle  of  twist  for  a  specific  beam  is 
generally  the  twist  recorded  for  the  load  increment  immediately  preceding 
failure.  The  ultimate  bending  moment  is  the  moment  existing  at  that 
section  of  the  gauge  length  where  failure  took  place.  For  beams  sub¬ 
jected  to  high  ratios  of  torsion  to  bending,  the  exact  location  of  this 

failure  plane  was  at  times  difficult  to  determine. 
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TABLE  4.1  PRINCIPAL  TEST  RESULTS  (GROUPS  I  &  II) 
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TABLE  4.2  PRINCIPAL  TEST  RESULTS  (GROUPS  III  &  IV) 
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4-3  MOMENT  -  DEFLECTION  RELATIONSHIPS 

As  mentioned  in  Section  3-4.2,  six  deflection  gauges  were  used 
in  order  to  determine  the  deflections  of  each  specimen.  The  location  of 
these  gauges  is  shown  in  Figures  3.1,  3.2,  and  3.3.  Following  the  appli¬ 
cation  of  each  load  increment,  readings  were  taken  on  the  three  sets  of 
gauges  with  the  average  reading  giving  the  deflection  alonq  the  centerline 
of  the  specimen. 

The  bending  moment  for  the  beams  subjected  to  bending  and  torsion 
only  was  calculated  as  the  product  of  one  half  the  total  transverse  load 
and  the  distance  from  one  load  point  to  the  nearest  support.  For  chose 
beams  which  in  addition  were  subjected  to  shearing  forces,  the  maximum 
flexural  moment  occurred  under  the  transverse  load.  For  each  load  in¬ 
crement  this  moment  was  calculated  as  one-third  the  value  of  the  trans¬ 
verse  load  multiplied  by  72  inches,  the  result  being  in  units  of  in-kips. 

Knowing  the  bending  moment  and  the  deflections,  the  Moment- 
Deflection  diagrams  were  plotted.  In  order  to  ensure  legibility,  only 
those  points  necessary  to  indicate  the  behavior  of  each  beam  were  in¬ 
cluded. 

4-4  TORQUE  -  TWIST  RELATIONSHIPS 

The  two  rotation  gauges  were  mounted  at  the  locations  shown 
in  Figures  3.1,  3.2,  and  3.3.  By  subtracting  the  west  gauge  readings 
from  those  of  the  east  gauge,  the  angle  change  between  them  was  obtained. 
This  angle  change  was  then  divided  by  the  total  length  between  the  two 
gauges,  yielding  the  angle  of  twist  of  the  beams  in  units  of  radians 
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per  inch. 

From  a  calibration  chart  of  the  load  cell  connected  in  series 
with  the  twisting  head  cables,  it  was  possible  to  obtain  the  force 
existing  in  those  cables  which  corresponded  to  a  particular  load  cell 
reading.  The  torsional  moment  acting  upon  the  specimen  was  then  evalu¬ 
ated  as  the  force  in  the  twisting  head  cables  multiplied  by  the  moment 
arm  of  72  inches. 

The  torsional  characteristics  of  the  specimens  are  presented 
in  the  form  of  Torque-Twist  curves.  These  curves  include  only  those 
points  necessary  to  completely  indicate  the  behavior  of  each  specimen. 

4-5  EFFECTIVE  PRESTRESS  FORCE 

In  order  to  allow  a  correlation  to  be  made  between  the  different 
test  results,  it  was  necessary  to  obtain  the  value  of  the  effective 
prestress  force  acting  on  each  specimen.  This  was  accomplished  by  taking 
measurements  determining  the  elastic  shortening  and  the  time  dependent 
losses  as  discussed  previously  in  Section  3.5.  Converting  the  strain 
losses  in  the  prestressed  reinforcement  into  resulting  stresses,  the 
total  loss  in  strand  force  from  the  time  of  release  until  the  time  of 
testing  could  be  computed.  Deducting  these  losses  from  the  strand  forces 
prior  to  release  resulted  in  the  effective  prestress  force  at  the  time 
of  testing.  Although  slight  variations  in  the  effective  prestress  force 
and  concrete  strength  between  the  specimens  occurred,  it  was  felt  that 
the  ratios  obtained  were  quite  acceptable. 
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4-6  INTERACTION  DIAGRAMS 

The  effect  of  the  simultaneous  application  of  different  types 
of  forces  on  a  beam  can  be  conveniently  expressed  by  means  of  an  inter¬ 
action  diagram.  In  this  way  the  interaction  of  torsion  and  bending  can 
be  represented  on  a  two-dimensional,  rectangular  coordinate  system. 
However,  combinations  of  three  different  types  of  forces  such  as  bending, 
torsion,  and  shear  would  have  to  be  shown  on  a  three-dimensional  inter¬ 
action  surface. 

In  this  study  all  the  interaction  diagrams  have  been  presented 
as  two-dimensional  plots.  For  the  beams  of  Groups  I  and  II  the  curves 
were  of  dimensional  and  non-dimensional  form  for  both  cracking  and  ul¬ 
timate  loads.  These  diagrams  are  illustrated  in  Figures  5.1A,  5. IB, 

5.2A,  and  5.2B.  For  the  beams  of  Group  III  which  were  subjected  to  a 
combined  loading  of  bending,  torsion,  and  shear,  interaction  diagrams 
were  plotted  at  ultimate  with  the  transverse  shear  and  flexural  moment 
respectively  plotted  versus  the  torsional  moment.  The  cracking  torque 
of  a  member  was  generally  found  as  the  torque  existing  in  that  member  at 
a  time  when  a  noticeable  increase  occurred  in  the  strain  gauge  readings 
for  the  transverse  reinforcement  in  the  gauge  length.  Similarly,  the 
ultimate  torsional  moment  was  that  value  of  torque  which  existed  on  the 
specimen  at  the  time  of  failure.  Due  to  variations  in  the  location  of 
the  failure  plane  for  the  beams  tested  in  combined  loadings  of  bending, 
torsion,  and  shear,  the  ultimate  bending  moment  was  considered  to  be  the 
moment  existing  at  the  plane  of  failure  when  failure  occurred.  As  men¬ 
tioned  in  Section  4-2,  the  location  of  the  failure  plane  was  at  times 
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difficult  to  determine. 

The  value  of  the  shear  along  the  gauge  length,  V  ,  was  taken 
to  be  one-third  the  value  of  the  applied  transverse  load  at  the  time  of 
failure.  In  Table  5.1  the  value  used  for  VUQ  as  one  interaction  para¬ 
meter  was  taken  to  be  the  shear  existing  in  the  gauge  length  at  the  time 
of  failure  for  a  beam  subjected  to  bending  and  shear  only.  However,  in 
order  to  make  a  valid  comparison  between  these  experimental  findings  and 
the  empirical  equations  derived  by  Mukherjee  and  Warwaruk(2),  the  pure 
shear  strength,  Vuo,  of  the  beams  as  used  in  Table  5.2  was  computed  on 
the  basis  of  the  provisions  in  ACI  318-63  (Equations  26-10,  and  26-13). 
The  interaction  values  Ic  and  Iu  in  Table  5.2  were  determined  by  evalua¬ 
ting  the  empirical  equations  with  the  appropriate  test  parameters.  For 
an  exact  correlation,  the  interaction  values  should  be  1.0  in  all  cases. 

For  the  specimens  subjected  to  bending,  torsion,  and  shear,  the 
dimensional  and  non-dimensional  interaction  diagrams  were  plotted  in 
Figures  5.3A  and  5.3B. 

4-7  REINFORCEMENT  STRAINS 

The  reinforcement  strains  were  measured  only  on  the  transverse 
non-pres tressed  reinforcement.  These  strains  are  shown  for  the  complete 
loading  history  in  tabular  form  in  Appendix  A,  and  only  at  ultimate  in 
Table  4.1  and  Table  4.2.  No  attempt  was  made  to  measure  the  strains  in 
the  prestressing  reinforcement  as  no  practical  method  for  doing  this  was 
available.  Knowing  the  level  of  stress  in  the  transverse  rei nforcement 
was  helpful  in  interpreting  and  understanding  the  interaction  between  the 
steel  and  the  concrete  at  various  stages  of  loading. 


CHAPTER  V 


DISCUSSION  OF  TEST  RESULTS 


5-1  INTRODUCTION 

The  purpose  of  this  chapter  is  to  study  the  behavior  of  the 
test  specimens  at  various  stages  of  loading  in  the  loading  sequence. 

The  effect  of  such  test  parameters  as  degree  of  prestress,  eccentricity, 
torque  to  bending  ratio,  and  stirrup  spacing  is  discussed.  In  addition, 
information  dealing  with  the  interaction  of  bending,  torsion,  and  shear 
is  presented  and  summarized  in  interaction  tables  and  diagrams. 

5-2  GENERAL  BEHAVIOR 

Each  of  the  beams  tested  in  this  series  exhibited  essentially 
two  stages  of  behavior  over  the  loading  sequence.  In  the  first  stage 
the  beams  behaved  elastically  with  little  or  no  change  in  the  strain 
gauge  readings  for  the  non-prestressed  transverse  reinforcement.  The 
end  of  this  stage  was  marked  by  extensive  cracking  of  the  members. 

For  the  beams  which  contained  transverse  reinforcement  a 
second  stage  was  evident  following  cracking  marked  by  a  continued  in¬ 
crease  in  strength  of  the  specimen.  This  stage  was  further  character¬ 
ized  by  a  large  decrease  in  the  torsional  stiffness  of  the  beam,  and 
the  load  deformation  characteristics  were  no  longer  linear. 

Following  cracking,  those  beams  which  contained  no  transverse 
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reinforcement  could  no  longer  sustain  any  increases  in  the  applied 
torsional  moment.  The  resultant  failure  in  the  case  of  the  concentric 
specimen  was  abrupt  and  quite  violent,  whereas  the  failure  of  the  ec¬ 
centric  beam  was  less  forceful. 

5-3  BEHAVIOR  UNDER  COMBINED  BENDING  AND  TORSION 

The  crack  patterns  associated  with  beams  from  Groups  I  and  II 
are  illustrated  in  Figures  5.7  and  5.8.  The  location  and  formation  of 
these  cracks  depended  primarily  on  the  torque  to  moment  ratio  to  which 
the  beams  were  subjected. 

In  the  case  of  bending  with  little  or  no  torsion,  the  initial 
crack  formation  occurred  on  the  bottom  of  the  specimens  and  continued 
vertically  upwards,  defining  the  lower  boundary  of  the  compression  zone 
Immediately  inside  the  compression  zone  the  cracks  propagated  at  a 
sharp  inclination  towards  the  point  of  load  application,  generally 
stopping  some  distance  from  the  top  of  the  beam.  Failure  occurred 
quite  close  to  the  load  point  and  was  evidenced  by  visible  crushing  of 
the  top  fibres. 

In  the  medium  range  of  torque  to  bending,  the  cracks  origi¬ 
nated  almost  simultaneously  on  the  bottom  and  side  faces  of  the  members 
Near  the  bottom  the  cracks  were  essentially  vertical,  becoming  pro¬ 
gressively  more  inclined  to  the  vertical  axis  as  they  propagated  up¬ 
wards  through  the  beams.  Failure  by  crushing  of  the  concrete  took 
place  along  one  of  these  inclined  cracks  usually  at  some  distance  from 
the  load  point.  As  the  proportion  of  torsional  moment  was  increased 
still  further,  the  crack  formation  initiated  near  the  center  of  the 


40 


vertical  faces,  often  in  the  area  close  to  the  center  of  the  gauge 
length.  These  cracks  progressed  tov/ards  the  top  and  bottom  faces  along 
lines  which  were  essentially  straight  and  oriented  to  the  horizontal 
axis  of  the  members  at  an  inclination  of  about  30°.  A  particularly  wide 
crack  with  evidence  of  crushing  in  the  concrete  indicated  the  failure 
plane  of  these  beams.  In  most  cases  the  crack  which  widened  at  failure 
and  defined  the  failure  plane  had  first  appeared  at  a  bending  moment 
which  was  considerably  lower  than  the  ultimate  moment.  These  cracks 
were  all  essentially  a  continuous  crack  which  spiralled  around  three 
faces  of  the  beam.  Such  a  crack  is  illustrated  in  Figure  5.6  which 
shows  the  failure  surface  of  Beam  V302P. 

Table  4.1  lists  the  level  of  strain  in  the  non-prestressed 
transverse  reinforcement  at  ultimate.  As  presented,  the  reinforcement 
did  not  yield  at  ultimate  when  the  applied  torsion  to  bending  ratio  was 
1:3  or  lower,  except  in  the  case  of  Beam  302.  In  all  other  cases  the 
transverse  steel  had  yielded,  extending  into  the  strain  hardening 
region.  The  non-prestressed  transverse  reinforcement  in  addition  to 
the  horizontal  prestressed  reinforcement  therefore  served  as  a  means  to 
increase  the  strength  of  the  beams  over  and  above  that  at  cracking,  as 
well  as  to  impart  considerable  post-cracking  ductility.  To  a  large 
extent  then,  the  post-cracking  behavior  of  a  beam  is  determined  by  the 
amount  and  type  of  reinforcement  provided  for  that  member. 

A  comparison  of  the  torque-twist  curves  in  Appendix  A  to 
torque-twist  curves  of  similar  beams  plotted  by  Mukherjee  and  Warwaruk 
(3)  reveals  that  the  slopes  are  lower  in  the  post-cracking  region  than 
those  of  Mukherjee.  The  non-prestressed  transverse  reinforcement  used 
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in  both  studies  is  the  same  and  only  the  spacing  is  changed.  In  addi¬ 
tion  Mukherjee  used  non-prestressed  longitudinal  reinforcement  located 
in  each  corner  of  the  beams.  In  the  case  of  the  prestressed  reinforce¬ 
ment,  in  this  study  six  prestressing  cables  are  used  as  opposed  to  four 
by  Mukherjee,  four  of  which  are  located  in  each  corner  of  the  beams. 

The  effect  of  this,  if  anything,  would  be  to  increase  the  torsional 
stiffness  of  the  beams  due  to  the  increase  in  lever  arm  of  the  pre¬ 
stressing  cables.  It  would  thus  seem  a  justifiable  conclusion  that  the 
torsional  stiffness  of  a  beam  is  decreased  in  the  post-cracking  region 
with  an  increase  in  the  spacing  of  the  transverse  reinforcement.  In 
the  pre-cracking  stage  the  comparison  indicates  that  the  torsional 
stiffness  is  independent  of  both  the  amount  and  location  of  the  pre¬ 
stressing  reinforcement  as  well  as  the  amount  and  spacing  of  the  non- 
prestressed  reinforcement. 

From  Table  4.1  it  becomes  apparent  that  beams  prestressed  con¬ 
centrically  generally  exhibited  less  ductility  than  beams  which  were 
prestressed  eccentrically.  Furthermore,  the  ultimate  torsional 
strength  in  general  was  not  adversely  affected  by  the  eccentricity  of 
prestress,  and  in  fact  a  small  increase  was  often  noted.  Hence  the 
location  of  the  prestressing  strands  is  an  added  factor  which  may 
affect  the  rotational  capacity  of  a  beam. 

Another  interesting  observation  which  can  be  made  by  comparing 
the  experimental  results  to  those  obtained  by  Mukherjee  and  Warwaruk  (3) 
is  the  effect  of  the  level  of  prestress  on  the  strength  of  a  beam. 

With  the  exception  of  Beams  304  and  322,  in  every  case  the  effect  of 
increasing  the  level  of  prestress  was  to  increase  the  capacity  at  ul 
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timate  of  the  specimens.  This  increase  in  strength,  however,  was 
achieved  at  the  expense  of  a  loss  in  ductility.  The  amount  of  post¬ 
cracking  behavior  was  reduced  causing  the  beams  to  fail  in  a  brittle 
manner  with  only  a  small  amount  of  ductility  exhibited  in  the  post¬ 
cracking  region.  It  would  thus  be  desirable  to  limit  the  allowable 
level  of  prestress  in  a  beam  in  order  to  ensure  that  adequate  warning 
of  an  impending  failure  would  be  given.  In  the  pre-cracking  region  the 
effect  of  increasing  the  level  of  prestress  was  to  delay  the  formation 
of  the  initial  cracks  in  the  members,  thus  causing  an  increase  in  the 
cracking  torques  of  the  beams. 

Another  variable  which  may  affect  the  ultimate  ductility  of  a 
beam  is  the  torsion  to  bending  ratio.  This  dependency  is  illustrated 
in  Figure  5.5  where  the  ultimate  angle  of  twist  is  plotted  versus  the 
torque  to  bending  ratio.  Although  a  definite  relationship  seems  to 
exist  for  the  beams  of  Groups  I  and  III,  the  points  applying  to  Group  II 
beams  were  too  scattered  to  present  any  form  of  relationship.  This 
may  be  due  to  the  seemingly  greater  sensitivity  to  variations  in  the 
applied  loading  which  Group  II  beams  exhibited  in  comparison  to  beams 
of  Groups  I  and  III . 

5-4  INTERACTION  BETWEEN  TORSION  AND  BENDING 

The  main  objective  of  the  present  investigation  was  to  study 
the  effect  of  bending  and  torsion  on  the  capacity  of  a  beam.  To  facil¬ 
itate  this,  interaction  diagrams  have  been  plotted  in  Figures  5.1A, 

5. IB,  5.2A,  and  5.2B  showing  the  effect  of  simultaneous  applications  of 
bending  and  torsion  in  varying  ratios. 
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The  pure  torsional  strength  of  Beam  306  was  considerably 
higher  than  anticipated,  perhaps  due  to  the  relatively  high  concrete 
strength  of  this  specimen  as  compared  to  the  other  members  of  Group  I. 

In  plotting  the  interaction  diagrams,  because  of  uncertainty  in  the  ex¬ 
perimental  strength  of  Beam  306,  a  value  of  Tuo  was  obtained  by  extra¬ 
polation  of  the  dimensional  interaction  curve  for  the  Group  I  beams  in 
Figure  5. IB.  The  value  obtained  was  about  160  In-Kips  which  corre¬ 
sponded  very  closely  to  the  theoretical  value  of  159.3  In-Kips  computed 
from  the  equation  derived  by  Mukherjee  (5)  for  concentrically  pre¬ 
stressed  beams  containing  web  reinforcement.  It  is  this  value  of 
159.3  In-Kips  which  has  been  used  in  computing  the  interaction  para¬ 
meters  listed  in  Tables  5.1  and  5.2. 

Table  5.2  shows  a  comparison  between  the  experimental  findings 
of  the  present  investigation  and  a  interaction  relationship  which  was 
derived  empirically  by  Mukherjee  and  Warwaruk  (3).  The  interaction 
values  Ic  and  Iu  should  be  1.0  for  an  exact  correlation  between  the 
theoretical  and  experimental  values.  For  the  concentrical ly  prestressed 
beams  of  Group  I  the  average  value  of  Iu  was  0.950  indicating  a 
variation  of  only  5%.  The  agreement  was  even  better  for  the  eccen¬ 
trically  prestressed  beams.  As  shown  in  Table  5.2  the  variation  in 
this  case  was  only  1.3%,  thus  implying  that  the  proposed  interaction 
surface  is  quite  compatible  with  experimental  findings. 

To  illustrate  further  the  correspondence  between  the  obtained 
test  data  and  the  strength  predictions,  a  plot  of  the  computed  theo¬ 
retical  values  is  included  in  Figure  5. IB.  These  predicted  values  were 
computed  using  various  torsion  to  bending  moment  ratios  in  the  equation 
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TABLE  5.1  INTERACTION  PARAMETERS 
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TABLE  5.2  COMPARISON  BETWEEN  EXPERIMENTAL  RESULTS  AND  MUKHERJEE'S  PROPOSED  INTERACTION  SURFACE 
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FIGURE  5.1A  INTERACTION  DIAGRAMS  (GROUP  I  BEAMS) 


(IN-KIPS) 


FIGURE  5. IB  INTERACTION  DIAGRAMS  (GROUP  I  BEAMS) 
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FIGURE  5.2A  INTERACTION  DIAGRAMS  (GROUP  II  BEAMS) 
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FIGURE  5.2B  INTERACTION  DIAGRAMS  (GROUP  II  BEAMS) 


(IN-KIPS) 


50 


FIGURE  5.3A  INTERACTION  DIAGRAMS  (GROUP  III  &  IV  BEAMS) 


(IN-KIPS) 


FIGURE  5.3B  INTERACTION  DIAGRAMS  (GROUP  III  &  IV  BEAMS) 
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FIGURE  5.4  COMPARISON  OF  INTERACTION  CURVES 
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FIGURE  5.5  ULTIMATE  TWIST  VS.  TORQUE  -  BENDING  RATIO 


FIGURE  5.6  FAILURE  SURFACE  OF  BEAM  V302P 
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FIGURE  5.7  CRACK  PATTERNS  (BEAMS  301  to  307)  AND  (BEAMS  321  to  324) 
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FIGURE  5.8  CRACK  PATTERNS  (BEAMS  325  to  327)  AND  (BEAMS  V301  to  V307,  V322P) 
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derived  by  Mukherjee  and  Warwaruk  (3)  : 
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The  interaction  diagrams  shown  in  Figures  5.1A,  5. IB,  5.2A, 
and  5.2B  serve  to  indicate  the  beneficial  effect  which  a  small  amount 
of  bending  moment  has  upon  the  ultimate  torsional  strength  of  a  beam. 
This  small  increase  in  torsional  strength  of  a  beam  is  especially 
evident  for  beams  which  are  eccentrical ly  prestressed.  Opposed  to 
this,  a  small  amount  of  applied  torque  had  little  or  no  effect  upon  the 
flexural  capacity  of  the  members.  From  these  diagrams  it  is  also 
evident  that  once  the  torsional  strength  had  reached  a  peak,  any 
further  increase  in  the  applied  bending  load  caused  a  progressive  de¬ 
terioration  in  the  torsional  strength  of  the  members. 


5-5  BEHAVIOR  UNDER  COMBINED  BENDING,  TORSION,  AND  SHEAR 


Typical  crack  patterns  for  the  beams  of  Groups  III  and  IV  are 
shown  in  Figures  5.7  and  5.8.  These  beams  exhibited  a  distinct  simi¬ 
larity  to  those  of  Groups  I  and  II  in  regard  to  the  formation  and 
progression  of  cracks  in  the  members.  However,  whereas  the  cracks  were 
evenly  distributed  along  the  gauge  length  in  the  case  of  Group  I  and  II 
beams,  the  effect  of  the  moment  gradient  present  in  the  beams  of  Groups 
III  and  IV  was  to  change  the  spacing  of  the  cracks.  Thus  flexural 
cracks  tended  to  be  more  concentrated  in  the  region  of  higher  bending 
moment  whereas  the  torsional  cracks  generally  were  located  in  the 
region  of  lower  bending  moment,  especially  in  tne  case  of  beams  sub¬ 
jected  to  high  torque  to  bending  ratios. 
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Similar  to  the  reinforcement  of  Group  I  and  II  beams,  the 
transverse  and  longitudinal  reinforcement  of  the  Group  III  beams  was 
instrumental  in  increasing  the  torsional  strength  of  the  members  over 
and  above  the  strength  at  cracking.  This  is  illustrated  in  Table  4.2 
which  shows  that  only  the  transverse  reinforcement  of  Beams  V301  and 
V307  did  not  yield  at  ultimate.  These  two  beams  were  subjected  to 
torsion  to  bending  moment  ratios  of  0  and  1:7  respectively. 

Torque-twist  curves  for  Group  III  and  IV  beams  are  illustrated 
in  Figure  A. 3.  As  shown,  the  initial  slope  of  all  the  curves  are 
nearly  the  same,  suggesting  that  the  torsional  stiffness  prior  to 
cracking  is  independent  of  torsion  to  bending  ratios.  In  addition,  the 
slopes  are  equal  to  those  plotted  for  Groups  I  and  II  so  that  the 
initial  torsional  stiffness  is  also  not  affected  significantly  by  flex¬ 
ural  shear. 

In  the  post-cracking  stage  the  beams  exhibited  continued  ro¬ 
tational  capacity  and  a  certain  amount  of  ductility.  However,  a  com¬ 
parison  to  the  torque-twist  curves  of  Group  I  beams  shown  in  Figure  A.l 
indicates  that  the  rotational  capacity  as  well  as  the  ductility  is  less 
than  that  of  the  Group  I  beams.  The  presence  of  flexural  shear  in  a 
member  is  therefore  detrimental  to  both  the  torsional  strength  as  well 
as  the  ductility  of  that  member.  Since  the  loss  in  ductility  is  pro¬ 
portionately  larger  than  the  loss  in  strength,  the  torsional  stiffness 
in  the  post-cracking  stage  of  a  beam  in  which  shear  is  present  would 
necessarily  be  larqer  than  that  of  a  beam  in  which  no  shear  is  found. 

The  modes  of  failure  for  the  Group  III  and  IV  beams  were  anal¬ 
ogous  to  those  of  Group  I  and  II  beams.  Depending  upon  the  torque  to 
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bending  ratio  the  location  of  the  failure  plane  varied  throughout  the 
gauge  length  for  the  members  tested.  As  illustrated  in  Table  4.2,  the 
distance  from  the  plane  of  failure  to  the  point  of  load  application 
increased  with  increases  in  the  torque  to  bending  ratio.  Such  a 
failure  surface  is  shown  in  Figure  5.6  which  corresponds  very  closely 
to  the  warped  failure  surface  described  by  Zia  and  GangaRao  (4). 

5-6  INTERACTION  OF  BENDING,  TORSION,  AND  SHEAR 

Combinations  of  three  different  types  of  loads  such  as 
bending,  torsion,  and  shear  necessarily  require  the  use  of  a  three- 
dimensional  interaction  surface  in  order  to  accurately  describe  their 
effect  on  one  another.  The  use  of  two-dimensional  diagrams  describing 
such  three-dimensional  interactions  is  therefore  only  approximate,  and 
is  used  in  this  investigation  only  because  of  ease  of  presentation. 

The  interaction  diagrams  for  Groups  III  and  IV  are  illustrated 
in  Figure  5.3A  and  Figure  5.3B.  As  evidenced  by  Figure  5.3B,  a  small 
amount  of  bending  moment  has  little  or  no  effect  on  the  ultimate  tor¬ 
sional  capacity  of  the  specimens.  Similarly,  a  small  amount  of  tor¬ 
sional  moment  does  not  affect  the  bending  capacity  of  a  member  sig¬ 
nificantly. 

The  overall  effect  of  shear  on  a  member  is  perhaps  best  illu¬ 
strated  by  Figure  5.4  which  shows  a  comparison  between  the  interaction 
curves  of  Groups  I,  II,  and  III.  As  this  figure  indicates,  the 
presence  of  shear  in  a  memoer  is  clearly  detrimental  to  the  strength  of 
that  member.  In  every  instance  the  ultimate  capacity  of  beams  with 

below  that  of  correspondingly  tested  beams  in  which 


shear  present  was 
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no  shear  was  present.  In  the  case  of  combined  bending  and  shear,  a 
comparison  between  Table  4.1  and  Table  4.2  shows  that  the  effect  of 
the  shear  was  to  reduce  the  ultimate  capacity  in  flexure  which  the 
specimen  was  capable  of  sustaining. 

Eliminating  the  transverse  reinforcement  in  a  beam  is  another 
factor  which  will  reduce  the  ultimate  strength  of  a  beam.  This  is 
illustrated  in  Figures  5.3A  and  5.3B  which  show  the  capacities  of  both 
V302P  and  V322P  as  being  considerably  lower  than  corresponding  beams 
which  did  contain  transverse  reinforcement.  Furthermore,  at  ultimate 
the  amount  of  twist  and  deflection  of  these  two  specimens  was  also 
reduced.  The  eccentricity  of  prestress  of  Beam  V322P  tended  to  offset 
this  loss  in  strength  somewhat,  but  the  capacity  of  this  member  was 
still  below  that  of  a  corresponding  concentrically  prestressed  member 
provided  with  transverse  reinforcement. 

A  comparison  of  the  experimental  results  to  the  interaction 
surface  proposed  by  Mukherjee  and  Warwaruk  (3)  for  beams  subjected  to 
bending,  torsion,  and  shear  is  summarized  in  Table  5.2.  The  average 
interaction  value  Iu  was  0.940  which  indicates  that  the  proposed  inter¬ 
action  surface  overestimated  the  capacities  of  the  beams  by  six  percent. 
This  difference  is  not  greatly  significant  and  with  additional  test 
results  the  interaction  surface  relationships  can  be  improved. 


CHAPTER  VI 


SUMMARY,  CONCLUSIONS,  AND  RECOMMENDATIONS 
6-1  INTRODUCTION 

This  chapter  presents  a  summary  of  the  results  of  tests  per¬ 
formed  on  rectangular  prestressed  concrete  beams  subjected  to  bending, 
torsion,  and  shear.  In  addition,  general  conclusions  and  recommenda¬ 
tions  for  further  studies  of  this  nature  are  included. 

6-2  SUMMARY 

For  this  study  twenty-two  rectangular  prestressed  concrete 
beams  were  tested.  Fourteen  beams  were  prestressed  concentrically  while 
the  remaining  beams  were  eccentrically  prestressed  at  an  eccentricity 
ratio  of  0.167.  An  attempt  was  made  to  provide  the  same  level  of  pre¬ 
stress  for  all  the  beams  of  the  program. 

Most  beams  exhibited  two  stages  of  behavior  during  the  loading 
sequence.  The  first  stage,  designated  the  pre-cracking  stage,  was 
elastic  and  was  terminated  by  major  cracking  in  the  beam.  The  cracking 
torque  was  usually  indicated  by  an  abrupt  change  in  slope  of  either  the 
torque-twist  curve  or  the  moment-deflection  curve,  or  by  a  sudden  jump 
in  the  strain  readings  for  the  transverse  reinforcement.  The  second 
stage,  or  post-cracking  stage,  was  characterized  by  a  continued  increase 
in  the  torsional  strength  of  the  beam,  and  considerable  ductility  due 
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to  the  transverse  reinforcement  was  exhibited.  A  further  increase  in 
loading  beyond  the  ultimate  capacity  of  the  member  led  to  a  rapid  re¬ 
lease  of  torsional  load  for  the  majority  of  the  beams  tested. 

The  test  results  have  been  presented  in  the  form  of  tables, 
Torque-Twist  curves,  Moment-Deflection  curves,  and  Interaction  Diagrams. 
The  interaction  diagrams  have  been  presented  in  dimensional  and  non- 
dimensional  form  for  both  cracking  and  ultimate  load  conditions.  These 
diagrams  summarize  the  general  test  results  and  serve  to  illustrate  the 
effects  of  the  torque  to  bending  ratio,  the  types  of  prestressing,  and 
the  transverse  shear. 

6-3  CONCLUSIONS 

The  following  conclusions  are  based  on  the  test  results  of  a 
limited  number  of  rectangular  prestressed  concrete  beams  containing  mild 
steel  web  reinforcement.  These  limitations  should  be  considered  when 
interpreting  the  conclusions. 

From  the  test  results  it  is  concluded  that: 

(1)  The  torsional  stiffness  of  a  member  prior  to  cracking  is 
independent  of  flexural  shear  and  the  applied  torsion  to  bending  ratio. 
Also,  the  effect  of  the  amount  and  spacing  of  the  mild  steel  reinforce¬ 
ment  as  well  as  the  prestressed  reinforcement  on  the  torsional  stiffness 

is  not  significant. 

(2)  The  ultimate  strength  and  torsional  stiffness  which  a  beam 
exhibits  in  the  post-cracking  stage  is  decreased  by  an  increase  in  the 

spacing  of  the  transverse  reinforcement. 

(3)  Eccentricity  of  prestress  is  beneficial  to  the  ultimate  capa- 
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city  and  ductility  of  a  beam  in  comparison  to  a  concentric  type  of  pre¬ 
stress.  This  is  true  for  a  combined  loading  of  torsion  and  bending,  as 
well  as  for  combined  torsion,  bending,  and  shear. 

(4)  An  increase  in  the  level  of  prestress  increases  the  strength 
but  reduces  the  twist  and  deflection  of  a  beam  at  ultimate.  Furthermore, 
raising  the  level  of  prestress  increases  the  cracking  torque  of  a  member. 

(5)  A  small  amount  of  bending  causes  a  small  increase  in  the  ulti¬ 
mate  torsional  strength  of  a  beam  subjected  to  a  combined  loading  of 
bending  and  torsion.  In  the  case  of  combined  bending,  torsion,  and  shear 
the  beneficial  effect  of  the  presence  of  a  small  bending  moment  is  elim¬ 
inated  by  the  transverse  shear. 

(6)  The  effect  of  flexural  shear  in  a  member  is  to  reduce  the 
strength  as  well  as  the  ductility  of  that  member. 

(7)  The  transverse  reinforcement  yields  at  failure  when  the  applied 
torsion  to  bending  ratio  is  3/4  or  greater.  This  is  true  for  combined 
bending  and  torsion  as  well  as  for  combined  bending,  torsion,  and  shear. 

(8)  The  non-prestressed  transverse  reinforcement  serves  to  increase 
the  rotational  strength  and  ductility  of  a  beam  over  and  above  that  at 
cracking . 

6-4  RECOMMENDATIONS 

The  following  recommendations  are  made  for  the  benefit  of  future 
investigations  dealing  with  the  interaction  of  bending,  torsion,  and 
shear  in  prestressed  beams: 

(1)  The  effect  of  the  non-prestressed  reinforcement  on  the  strength 
and  ductility  of  a  beam  should  be  more  clearly  isolated  from  the  effect 
of  the  prestressing  reinforcement. 


' 


(2)  Beams  with  cross  sections  other  than  rectangular  should  be 
tested. 

(3)  The  location  of  the  failure  plane  in  beams  subjected  to 
torsion,  bending,  and  shear  should  be  more  accurately  established. 

(4)  A  prediction  equation  for  the  ultimate  torsional  strength  of 
web  reinforced,  eccentrically  prestressed  beams  should  be  derived. 

(5)  Recommendations  for  design  of  prestressed  beams  subjected  to 
a  combined  loading  of  bending,  torsion,  and  shear  should  be  made. 
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LOAD  TORQUE  BENDING  SHEAR  TWIST  DEFLECTIONS  REINFORCEMENT  STRAINS 
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TABLE  A. 22  BEAM  V322P 
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FIG.  A. 1  TORQUE-TWIST  CURVES  (BEAMS  302  to  307) 
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TORQUE  -  TWIST  CURVES  (BEAMS  322  to  327) 
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FIGURE  A. 3  TORQUE  -  TWIST  CURVES  (BEAMS  V302-V307,  V302P,  V322P) 
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FIGURE  A. 4  MOMENT  DEFLECTION  CURVES 
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FIGURE  A. 5  MOMENT  DEFLECTION  CURVES  (BEAMS  302-307) 
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FIGURE  A. 6  MOMENT  DEFLECTION  CURVES  (BEAMS  322-327) 


V  307 


(SdIX  NI) 


1N3W0W  9NiaN3a 


-  DEFLECTION  CURVES  (BEAMS  V302-V307,  V302P,  V322P) 


APPENDIX  B 


NOTATION 


NOTATIONS 


Total  area  of  prestressing  tendon 

Area  of  one  leg  of  transverse  reinforcement 

Smaller  dimension  of  a  rectangular  cross  section 

Smaller  dimension  of  a  rectangular  stirrup 

Larger  dimension  of  a  rectangular  cross  section 

Larger  dimension  of  a  rectangular  stirrup 

Eccentricity  of  prestress  from  centroid  of  a  cross-section 

Ultimate  stress  of  prestressing  strand 

Yield  stress  of  transverse  reinforcement 

Cylinder  compressive  strength  of  concrete 

Split  cylinder  strength  of  concrete 

Interaction  value  at  cracking 

Interaction  value  at  ultimate 

Applied  bending  moment 

Bending  moment  at  first  cracking 

Ultimate  bending  moment 

Ultimate  bending  moment  in  pure  bending  test 

Effective  prestressing  force 

_  ^  .  ,  .  _  lOOAn 

Percentage  of  prestressing  strand  -  P 

bd 

Percentage  of  transverse  reinforcement  =  BOCKb^+d^A^.  /  bds 

Spacing  of  stirrups 

Applied  torsional  moment 

Torsional  moment  at  first  cracking 

Ultimate  torque 

Ultimate  torque  in  pure  torsion  test 


. 

•  • 


Ultimate  flexural  shear 


Ultimate  transverse  shear  in  gauge  length  at  failure  under 
bending  and  shear  without  the  presence  of  torsional  moment 
Ultimate  deflection 
Ultimate  angle  of  twist 
Average  prestress  =  P/bd 


